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ABSTRACT
OPTIMIZING TOOLS FOR THE INVESTIGATION OF FLAGELLA PROTEIN
TRAFFICKING IN CHLAMYDOMONAS REINHARDTII

Brandon M. Wills, B.A.
Marquette University, 2019

Cilia and flagella are synonymous organelles that protrude above the cell surface to
propel fluid and monitor signals in the environment. These functions are central to human
development and health, as well as for numerous organisms to thrive in their natural
habitats. Pioneering studies of their fundamental mechanisms heavily rely on the
biflagellate green alga, Chlamydomonas. One example is the extensive characterization
of bidirectional intraflagellar transport (IFT), a transport system that perpetually delivers
flagellar components between the base and the tip of the flagella. Such characterization
has resulted in the discovery of numerous evolutionarily conserved genes crucial for
flagella growth and function. Yet, intense autofluorescence emitted mostly from
photosynthesis pigments has prevented visualization of flagellar protein trafficking
deeper into the Chlamydomonas cell body, a process presumably tightly coupled to IFT.
This thesis project explored 1) an array of fluorescent proteins with various intensities
and spectra, 2) filter sets to distinguish signals against background, and 3) a new strategy
for tagging a protein of interest a string of fluorescent proteins. Through a combination of
optimizations, a candidate new transit center and possible intracellular trafficking
modalities have been identified. These pivotal findings will stimulate novel research
questions that will address important questions in flagellar biology and will also make
many obscured processes visible in the future.
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CHAPTER 1: FLAGELLA AND CILIA
1.1 Flagella and Cilia
Flagella and cilia are synonymous, dual-function organelles present in numerous
eukaryotic cells. The two terms will be used interchangeably in this thesis. These hairlike organelles protrude above the cell surface to generate motion and to monitor the
environment. Physically, they are supported by a microtubule-based axonemal scaffold
that polymerizes from basal bodies that are tethered by transitional fibers to the plasma
membrane (Figure 1-1). In most motile cilia, the axoneme has a 9+2 format with 9
microtubule doublets encircling a pair of microtubule singlets. These microtubules are
equipped with a variety of protein complexes, most notably outer and inner dynein arms

Figure 1-1. The 9+2 axoneme. A schematic depicting the signature molecular complexes in a
cross section of a 9+2 flagellum. Black, 9 outer doublets; pink, the central pair apparatus;
green, outer dynein arms; blue, inner dynein arms; red, radial spokes; orange, the dynein
regulatory complex-nexin link.
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and radial spokes (Figure 1-1), which stabilize inherently dynamic microtubules and
operate in concert to generate back-and-forth rhythmic beating at high frequencies
(reviewed by Zhu et al., 2017). Most sensory cilia are supported by a 9+0 axoneme
lacking the movement-generating complexes found in motile cilia.
Motile cilia play central roles in animal development and physiology. During the
gastrulation stage, the swirling motion of the cilia in the node creates a directional fluid
flow, which governs the establishment of left-right asymmetry (Nonaka et al., 1998;
reviewed by Hirokawa, 2009). Rhythmic beating of cilia that line the respiratory track
sweeps out mucous trapped with pathogens and airborne particles. Ciliary movement also
circulates cerebrospinal fluid, preventing pressure build-up in brain ventricles. In the
same vein, flagellar movement also plays important roles in reproductive systems. For
example, the flagellum propels sperm to oocytes, which are swept through the fallopian
tubes aided by beating cilia.
The impacts of ciliary sensory function are even broader than motility (Reviewed
by Ishikawa and Marshall, 2017). Contrary to the restricted locations of motile cilia, most
human nucleated cells generate a singular, immotile, primary cilium, which acts as the
hub of many channels and receptors. Most notably, fibrocystin calcium channels and Gprotein coupled receptors for sonic hedgehog and Wnt morphogens are enriched in these
organelles. By being sequestered in a cilium of a 250 nm diameter, these molecular
sensors transduce and amplify physical, biochemical, or biological signals to direct
homeostasis and developmental programs. In addition, transcription factors, such as Glis,
and the transmembrane proteins, Patched and Smoothened, are delivered to the flagellar
tip differentially depending on the presence or absence of sonic hedgehog in a multitude
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of animals. Therefore, a variety of molecules must be selectively delivered into the
flagellar compartment to support flagellar assembly, maintenance, and function.
1.2 Intraflagellar Transport
While various organelles have protein trafficking issues, the flagella’s problems
are distinctive. All flagellar proteins must be synthesized in the cell body and then
imported into the flagella through a narrow, gated entrance separating the two
compartments (Kee et al., 2012; reviewed by Ishikawa and Marshall, 2017). Notably,
axonemal proteins are assembled into the existing axoneme at the plus end of
microtubules at the flagellar tip to lengthen and maintain flagella (Rosenbaum and Child,
1967; Marshall and Rosenbaum, 2001). This observation stimulated a number of
important experiments. The pivotal one used differential interference contrast (DIC)
microscopy to discover particles moving bi-directionally between the tip and base along
the paralyzed flagella of the green alga, Chlamydomonas reinhardtii (Kozminski et al.,
1993). The term intraflagellar transport (IFT) was coined to depict this movement that
was independent of rhythmic beating. These particles were subsequently analyzed
biochemically and morphologically. The particles sedimented into two major protein subcomplexes, A and B, in velocity sedimentation (Cole et al., 1998). Cryo-electron
tomography revealed IFT complexes aligned in tandem on A and B microtubules of outer
doublets. These microtubules serve as the tracks for anterograde and retrograde
movements, respectively, which appears like chains of box cars riding on rails (Pigino et
al., 2009; Stepanek and Pigino, 2016). Thus, IFT complex chains are referred to as IFT
trains.
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IFT complexes were co-purified with the cytoplasmic molecular motors, kinesins
and dyneins, as well as axonemal components such as the radial spokes, axonemal
dyneins, and tubulins, suggesting that IFT trains are powered by molecular motors to
carry axonemal cargoes along flagella bi-directionally (Qin et al., 2004). So far, putative
IFT adaptors for axonemal dyneins and tubulins have been identified (Ahmed et al.,
2008; Hou et al., 2007; Hunter et al., 2018; Bhogaraju et al., 2013; Taschner et al., 2017).
Additionally, total internal reflection fluorescence (TIRF) microscopy revealed axonemal
proteins tagged with fluorescent proteins moving along the flagellum with fluorescent
IFT trains (Lechtreck et al., 2009; Wren 2013; Craft et al., 2015).

Figure 1-2. IFT model. IFT trains that accumulate near the basal bodies could be loaded with
a wide variety of cargoes destined to enter the flagellar compartment. Anterograde trains are
driven by kinesin motors along the flagellum (B). At the tip, axonemal cargoes are dropped
off and self-assemble into the plus ends of axonemal microtubules and IFT trains rearrange
for retrograde IFT (C). The retrograde trains, loaded with disassembled axonemal parts, are
driven back to the flagella base by dynein motors for recycling (D). Triangles, various
axonemal components; yellow boxes, IFT proteins; pink triangles, transition zone; green
circle, transcription factors; orange oval, transmembrane protein; purple circles, BBSomes,
the adaptors for membranous components; black feet, kinesins; blue feet, dyneins.
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In addition, immunolocalization revealed intense labeling of representative axonemal
proteins and IFT proteins around the basal bodies and transition fibers, respectively (Qin
et al., 2004; Wood and Rosenbaum, 2014: Deane et al., 2001).
Based on these collective observations, an IFT model is well established.
Flagellar proteins are loaded onto IFT trains docked at the transitional fibers at the
flagellar entrance. The loaded anterograde IFT trains deliver cargoes to the flagellar tip
(Figure 1-2). Once un-loaded, axonemal cargoes assemble into the axoneme, while the
retrograde trains loaded with disassembled axonemal components are driven back to the
basal body region.
1.3 Significance of Flagellar Biology and Trafficking
The dawn of the genome era at the late 20th century unraveled the hidden flagellar
phenomena and unleashed the value of model organisms for unraveling human disorders.
Forward and reverse genetics in Chlamydomonas (reviewed by Pazour and Witman,
2000; Pazour et al., 2005) and studies from other organisms have systemically uncovered
more than 600 genes that encode proteins involved in flagellar biology. Most of these
genes are evolutionarily conserved. Given the broad presence and divergence of motile
and sensory cilia, defects in most of these genes impairs subsets of cilia and manifests as
intriguing phenotypes in multicellular organisms and congenital disorders in humans,
such as Joubert syndrome, Meckel-Gruber syndrome, and Bardet-Biedl syndrome. These
disorders are now collectively referred to as ciliopathies. Each of these once mysterious
orphan congenital defects manifests as subsets of ciliopathy symptoms such as polycystic
kidney disease, retinopathy, anosmia, chronic respiratory tract infection, situs inversus,
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polydactyly, hydrocephaly, cognitive impairment, infertility, and obesity (Reviewed by
Mitchison and Valente, 2017). The partially overlapping symptoms demonstrate
divergence of the conserved flagellar core mechanisms throughout evolution to suit
distinctive cell types. The cognitive and chronic metabolic impairments of ciliopathies
illustrate the translational relevance of cilia biology to current prevalent health problems.
Since complicated mechanisms are involved in trafficking, which is key to flagellar
assembly and operation, many ciliopathy genes are involved in processes related to
trafficking. Their encoded proteins are found in IFT complexes (Pazour et al., 1998;
1999; 2000), IFT adaptors (Ahmed et al., 2006; Hou et al., 2007; Hunter et al., 2018), and
the structures associated with the basal body (Mukhopadhyay et al., 2010) and the
transition zone, which is the gated flagellar entrance (Craige et al., 2010).
Until recently, ciliopathies were considered incurable. Such patients experience a
diminished quality of life. Treatment, whenever available, has largely been limited to
improving quality of life rather than to address the root cause. However, virus-mediated
gene therapy has recently succeeded in alleviating retinopathy (reviewed by Williams et
al., 2017). As a number of other organs with cilia are also amenable to gene therapy,
elucidation of flagellar protein trafficking beyond the basal body-flagellar tip corridor
could reveal novel mechanisms in flagellar biology and may stimulate the development
of new therapies.
1.4 Chlamydomonas and the Radial Spoke as Models for Flagellar Trafficking
Studies
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The biflagellate green alga, Chlamydomonas has been instrumental to the
revelation of fundamental principles in cilia and flagella (Merchant et al., 2007). The
haploid, single-celled organism is amenable to a variety of experimental approaches
including biochemical analysis, in vivo and in vitro motility analysis, molecular biology,
and genetics. A large collection of mutants centrally collected at the Chlamydomonas
Resource Center can be characterized as they are or rescued with genomic or cDNA
minigenes (Diener et al., 1993). These mutants were used to discover flagellar
composition, motor-powered rhythmic beating, regulation of flagellar movement (Zhu et
al., 2017), flagellar assembly, IFT, and the basal bodies-centered cytoskeletal network
(Wingfield and Lechtreck, 2018).
Interests in IFT renewed passions toward the basal bodies and their central roles
in the cytoskeletal systems in Chlamydomonas. Basal bodies act as centrioles during
mitosis. They migrate to the plasma membrane during interphase and organize all
cytoskeletal systems. They nucleate axonemal microtubules to support flagella
generation. They also attach directly or indirectly to the stable four microtubule bundles
that distribute intracellular organelles (Mittelmeier et al., 2015), dynamic cortical
microtubules that grow and shorten perpetually underneath the plasma membrane (Liu et
al., 2017), and centrin fibers that are distributed throughout the basal body area and form
the basket-like nuclear basal body connector (NBBC) (reviewed by Geimer and
Melkonian, 2005; Dutcher and O’Toole, 2016). There are also short actin fibers near the
basal bodies (Avasthi et al., 2014). The involvement of these cytoskeletal fibers in
trafficking is still emerging.
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The radial spoke and its subunit, RSP3, are used as representatives of flagellar
complexes and flagellar proteins to ask fundamental questions in flagellar biology,
including trafficking, because of comprehensive characterizations and collections of
experimental tools (reviewed by Zhu et al., 2017). This evolutionarily conserved Yshaped complex (Pigino et al., 2011; Lin et al., 2014) anchors to each outer microtubule
doublets with its stalk and projects with the bulbous head toward the central pair
apparatus. Depending on the organism, two or three radial spokes are present repetitively
every 96 nm on each outer doublet along the entire length of flagella. At this unique
position, it transduces mechanical signals between dynein-powered sliding outer
microtubules and the central pair apparatus to coordinate the activation of thousands of
axonemal dyneins distributed around the circumference and along the length of the
flagella. More importantly, there is a rich collection of spoke mutants that make many indepth experiments possible.
Extraction of 20S radial spokes from Chlamydomonas axonemes (Yang et al.,
2001) has propelled many experiments to determine spoke compositions (Yang et al.,
2006; Dymek and Smith, 2007), functions of each subunit (Yang et al., 2005; 2008;
2009), topography (Wirschell et al, 2008; Sivadas et al., 2012; Oda et al., 2014),
ultrastructure (Yang et al., 2001), assembly (Diener et al., 2011) and trafficking (Qin et
al., 2004; Lechtreck et al., 2018; Zhu et al., 2019). Among the 23 individual proteins in
extracted spoke particles, RSP3 is the sole protein essential for spoke assembly. With a
premature stop codon in the RSP3 gene, the pf14 mutant can grow full-length flagella but
the flagella cannot beat because they lack the spoke complex (Huang et al., 1981; Diener
et al., 1993). The other radial spoke subunits are retained in the pf14 cell body as
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subcomplexes (Diener et al., 2011). Electron microscopy of truncated RSP3 mutants
(Sivadas et al., 2012), imaging of tagged RSP3 strains (Oda et al. 2014), and chemical
crosslinking (Wirschell et al., 2008) unequivocally demonstrate that RSP3 operates as a
homodimer extending throughout the Y-shaped complex. As a structural scaffold, an
RSP3 dimer tethers to four spoke sub-complexes using the anchoring mechanism for the
c-AMP dependent protein kinase (Sivadas, et al., 2012) and docks the entire spoke to the
axoneme (Diener et al., 1993; Gupta et al., 2012).
When wild type Chlamydomonas cells were mated with pf14 mutants with an
opposite mating type, RSP3 immunofluorescence signals appeared in the mutant flagella
in a tip-to-base direction (Johnson and Rosenbaum, 1992). This experiment provided
another line of evidence suggesting axonemal complexes must reach the flagellar tip to
be assembled into the axoneme efficiently and it also stimulated the experiment
visualizing IFT (Kozminski et al., 1993).
Contrary to the 20S spoke particles extracted from the axoneme, radial spokes
isolated from the cell body sedimented as 12S, hypophosphorylated particles lacking
several spoke proteins (Yang et al., 2005; Yang et al., 2008; Zhu et al., 2019). It is
proposed that 12S radial spoke precursors ride the IFT trains to the flagellar tip, where,
assisted by HSP40 chaperones, they refold into the mature, stable, 20S, Y-shaped
complex (Zhu et al., 2019). It is here that the spokes also become phosphorylated and
dock to the outer microtubule doublets (Gupta et al., 2012).
The prevailing IFT model is partly based on two intense RSP3
immunofluorescence spots at the basal bodies (Qin et al., 2004). Recent
immunofluorescence and electron microscopy experiments confirmed this observation
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(Wood and Rosenbaum, 2014) and showed that HA-tagged RSP3 was associated with
membrane vesicles and appeared as a dim horseshoe pattern in the area below the basal
bodies. This area is spatially defined by the calcium-sensitive centrin-enriched nuclear
basal body connector (NBBC) that is between the basal bodies and the nucleus (Wood
and Rosenbaum, 2014). Yet, in these studies flagellar signals appeared weak and spotty.
In contrast, radial spokes are enriched in flagella and are uniformly distributed along the
flagellar length as shown in electron microscopy and fluorescence microscopy of RSP3EGFP (Yanagisawa et al., 2014). However, RSP3-EGFP signals were not detectible in
the basal bodies or any area in the cell body even though the cell body harbors enough
axonemal proteins to generate two half-length flagella after deflagellation without de
novo protein synthesis (Rosenbaum et al., 1967). These inconsistent observations
demonstrate the need for new, robust, reliable imaging tools for revealing flagellar
proteins beyond the flagellar compartment and basal bodies, preferably in live
Chlamydomonas cells.
The main obstacle hampering visualization of flagellar proteins in the green algal
cell body is the intense autofluorescence emitted primarily from chromophores in
chloroplasts. This issue is common amongst photosynthetic cells and is particularly
challenging as most flagellar proteins are of low abundance in the cell body.
Overexpression of tagged flagellar proteins is not ideal because it may mis-represent the
protein’s locations and dynamics. The study of plus-end tracking protein, EB1 (Liu et al.,
2017) tagged with a new monomeric fluorescent protein, NeonGreen (NG) (Shaner et al.,
2013), has demonstrated that it is feasible to reveal dynamic fluorescent events in the cell
body of live Chlamydomonas cells. One key is to raise the signal intensity. EB1-NG is
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visible because of the brightness of NG and numerous EB1, and thus NG. This thesis
took advantage of these new insights in overcoming autofluorescence, the extensive
collection of RSP3 constructs in the Yang lab, and modern fluorescent tools to raise
fluorescent RSP3’s signal/background ratio without resorting to overexpression. These
new strategies proved to be promising in revealing flagellar proteins in space and time
and for advancing fluorescent imaging approaches in other fields that use photosynthetic
cells with intense autofluorescence.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Chlamydomonas Cultures
2.1.1 Chlamydomonas Strains
All Chlamydomonas strains used in this study, including wild type cc124 and the
RSP3 mutants, pf14 cc1032 and cc613, were obtained from the Chlamydomonas
Resource Center. The two pf14 strains were used as parental strains to produce the new
transgenic strains listed in Table 2-1.
Table 2-1. Chlamydomonas transgenic strains

Straina

Parental Strain

pf14::RSP3-mCherry

cc613,mt(-)

pf14::RSP3-tdTomato

cc613,mt(-)

pf14::RSP3-mScarlet

cc613,mt(-)

Pf14::RSP3-NG-(Epi)4

cc613,mt(-)

Pf14::RSP3-(Epi)6

cc613,mt(-)

pf14::Hyg-2A-ScFvmScarlet

Pf14::Hyg-2A-ScFvmScarlet::RSP3-(Epi)6
a

cc1032,mt(+)
cc1032,mt(+)

Transformed Plasmida
pGEM-T Easy-PMMRSP3-mCherry
pGEM-T Easy-PMMRSP3-tdTomato
pGEM-T Easy-PMMRSP3-mScarlet
pGEM-T Easy-PMMRSP3-(Epi)4
pGEM-T Easy-PMMRSP3-(Epi)6
pBR9-Hyg-2A- ScFvmScarlet
pBR9-Hyg-2A- ScFvmScarlet-I and pGEM-T
Easy-PMM-RSP3-(Epi)6

Antibiotic
Resistance
PMM
PMM
PMM
PMM
PMM
HYG
HYG
PMM

ScFv, single chain fragment of variable regions in antibodies; Epi, epitope sequence of
GCN4 monoclonal antibody; PMM, paromomycin; Hyg, hygromycin
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2.1.2 Culture Conditions
Chlamydomonas cells mentioned in this study were cultured in Tris-AcetatePhosphate (TAP) liquid media or 1.5% agar plates. For experiments requiring gamete
formation, cells were cultured in R media and minimal media lacking nitrogen (M-N).
All media was prepared following the protocols available on the Chlamydomonas
Resource Center website (https://www.chlamycollection.org/). Plates and 5-ml liquid
cultures were incubated at room temperature under constant illumination. Tubes of liquid
cultures were shaken in an orbital shaker at 250 rpm to maintain cells in suspension.
Cultures of 350 ml were subjected to 14/10 hr light/dark cycles and constant aeration.
2.2 Molecular Biology
2.2.1 Engineering Tagged RSP3 Genomic Constructs
All RSP3 constructs were modified from an existing pGEM-T Easy-based
plasmid which carried a paromomycin (PMM)-resistance cassette and the RSP3 genomic
DNA in which an XhoI site was engineered before the stop codon for convenient tagging
(Sivadas et al., 2012; Figure 2-1). Double stranded (ds) DNAs for tagging and for the
Aph7-2A polypeptide were custom-synthesized and blunt-end cloned into the pUC57
vector (GeneWiz, South Plainfield, NJ) unless stated otherwise.
2.2.1.1 pRSP3-NG-(Epi)4 (Figure 2-1)
Two pairs of GCN4 epitope double stranded DNA (E1+E2 and E3+E4), each
slightly different in DNA sequences, were custom synthesized (Integrated DNA
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E1

E2

E3

E4

PCR amplification

NG
XhoI

+

E1

+

E2

BamHI BamHI

SacI

E3
SacI

E4
XhoI

(Epi)4
Ligation into pGEM-T
Easy-PMM-RSP3
NG
RSP3 Genomic DNA

(Epi)4

XhoI

AatII

PMM

NcoI

pGEM-T
Easy

Figure 2-1. Scheme for engineering the RSP3-NG-(Epi)4 construct. Double stranded DNAs
for two pairs of GCN4 epitopes were PCR amplified to add flanking restriction sites (top
panel). Both fragments were respectively cloned into the pBlueScript vector. Their band
purified fragments, NG DNA, and the pGEM-T Easy-PMM-RSP3 vector were ligated
together. E1-E4, GCN4 epitope DNA variants; NG, NeonGreen; (Epi)4, 4 GCN4 epitopes;
PMM, paromomycin-resistant cassette.

Technologies, Coralville, IA) and then PCR-amplified to add flanking restriction sites.
The resulting fragments were blunt-end cloned into the SmaI site of the pBlueScript
vector. Sequencing confirmed that the sequences were accurate. The two band-purified
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DNA fragments released from the vector were ligated with the DNA fragments for
NeonGreen (NG) and pGEM-T Easy-PMM-RSP3 (Figure 2-1). The ligation mixture was
transformed into DH10β bacteria. Carbenicillin-resistant colonies were analyzed via Slot
Lysis assay. Candidate plasmids with the inserts were purified and analyzed by restriction
digest.
2.2.1.2 pGEM-T Easy-PMM-RSP3-(Epi)6 and -mScarlet (Figure 2-2).
Synthesized mScarlet and Epi DNAs with a built-in flanking XhoI site were
released from the pUC57 vector, band purified, and ligated with the band purified 10-kB
vector of pGEM-T Easy-PMM-RSP3, which was also treated with XhoI to release the
existing tag. The ligation mixture was transformed into DH10β cells and selected as
described above.
mScarlet

(Epi)6
RSP3 Genomic DNA

XhoI

RSP3 Genomic DNA
NcoI

pGEM-T
Easy

AatII

AatII

PMM

NcoI
PMM

XhoI

pGEM-T
Easy

Figure 2-2. Genomic constructs expressing RSP3-(Epi)6 and RSP3-mScarlet. Both
tags were cloned into an XhoI site preceding the stop codon designed for convenient
tag switching. PMM, the DNA cassette conferring paromomycin resistance.

2.2.2 Modification of the pBR9 Vector (Figure 2-3)
2.2.2.1 pBR9-ble-2A
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Inverse PCR using pBR9-mCerulean (Rasala et al., 2013) as a template was
performed to delete mCerulean DNA and the XhoI site (Figure 2-3). The primers (red
arrows) were: CCATGGATCCGGGGCCCGGGTT GCTCTCCAC and
GCATCACCCTGGGCATGGACGAGCTG (Integrated DNA Technologies, Coralville,
IA). The underlined sequence is a BamHI site. Following BamHI digest, the DNA
fragment was ligated to produce the pBR9-ble-2A plasmid with a single BamHI site for
convenient cloning.

BamHI

XhoI

NdeI
Zeocin

AR1

mCerulean Rub 3’ UTR

Inverse PCR

NdeI

BamHI

Zeocin

AR1

NdeI & BamHI digest

Rub 3’ UTR

Zeocin
NdeI

Hyg

BamHI

Ligation
BamHI

NdeI

NdeI
AR1

BamHI
Hyg

Rub 3’ UTR
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Figure 2-3. The two vectors that allow transcriptional skipping and expression of ScFvmScarlet in Chlamydomonas. The original pBR9 vector that carried zeocin-resistance
DNA for selection and 2A DNA for ribosome skipping was first modified by PCR to delete
mCerulean DNA and an XhoI site and to add a BamHI site. The resulting pBR9-ble-2A DNA
was further modified to replace the zeocin-resistant ble-2A DNA with hygromycin (Hyg)
resistant-2A DNA. Blue, AR1 HSP70/RuBisCo promoter; yellow, zeocin resistance gene;
green, Hyg resistance gene; gray, 2A ribosome skipping sequence; purple, RuBisCo 3’UTR.

NdeI

BamHI
Hyg

AR1

Rub 3’UTR
BamHI digest

NdeI
AR1

BamHI
Hyg

Rub 3’UTR

XmaI

BamHI

Ligate with
ScFv200bp-mScarlet
and ScFv800bp
fragments

ScFv800
mScarlet
ScFv200bp-mScarlet
XmaI BamHI
BamHI

NdeI
AR1

Hyg

mScarlet

ScFv800

Rub 3’ UTR

XmaI BamHI
Figure 2-4. Cloning of the pBR9-Hyg-2A-ScFv-mScarlet construct. The band purified
pBR9-Hyg-2A fragment, the 200-bp ScFv-mScarlet DNA, and the 800-bp ScFv DNA were
ligated together to form the final construct. Blue, AR1 HSP70/RuBisCo promoter; green, Hyg
resistance gene; gray, 2A ribosome-skipping sequence; purple, RuBisCo 3’ UTR.
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2.2.2.2 pBR9-Hyg-2A
The zeocin-resistance cassette in the pBR9-ble-2A vector was deleted by NdeI
and BamHI digest. The band-purified vector DNA was ligated with a DNA insert
encoding Aph7, a kinase conferring hygromycin (Hyg) resistance, and the viral 2A DNA
sequence, both of which were band-purified from the pUC57 cloning vector (Figure 2-3).
The resulting pBR9-Hyg-2A plasmid was used directly for transformation and for
creating the pBR9-Hyg-2A-ScFv-mScarlet construct.
2.2.3 Engineering of pBR9-Hyg-2A-ScFv-mScarlet (Figure 2-4)
Two XhoI sites in the ScFv DNA hindered cloning of mScarlet DNA into the 2nd
XhoI site. Therefore ScFv-mScarlet was cloned through a series of reactions. ScFv DNA
was split into two small XmaI-BamHI fragments by restriction digest to separate the two
XhoI sites. The resulting 200-bp fragment was first cloned into pUC19 and mScarlet
DNA was then cloned into its XhoI site. This tagged fragment and the original 800-bp
fragment were then cloned back in to the pBR9-Hyg-2A vector.
2.2.4 Transformation of Chlamydomonas Strains
RSP3 genomic constructs were transformed into pf14 cc613 cells using the glass
beads method (Kindle, 1990). Reaction mixtures were spread on TAP plates with 10
µg/ml of PMM. PMM-resistant colonies were streaked on TAP plates and subjected to
phenotypic analysis. For co-transformation, the transformation reactions included pBR9Hyg-2A-ScFv-mScarlet, pGEMT-easy-PMM-RSP3-(Epi)6 and pf14 cc1032 cells. The
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reactions were plated on TAP plates with 10 µg/ml Hyg. Hyg-resistant cells were restreaked on 5 µg/ml Hyg plates for maintenance and phenotypic analysis.
2.3 Phenotyping
2.3.1 Motility Assay
Antibiotic-resistant clones were resuspended in 100 µl 10 mM HEPES in a 96well plate and incubated under constant light for 1 hour. Cells in multi-well plates were
observed under a stereo microscope (Leica). The fraction of swimmers and the swimming
speed were measured.
2.3.2 Western Blots
2.3.2.1 Flagella Preparation
Swimming pf14 transformants which might produce either RSP3-(Epi)6 or RSP3mScarlet were cultured in 350 ml TAP media under 14/10 hr day/night cycle until the log
phase. Cells were harvested at 1,800X g for 7 mins in the Sorvall centrifuge using a SLA1500 rotor. Cell pellets were resuspended in 2 ml HMS buffer containing 10 mM HEPES,
2.5 mM MgSO4, and 4% sucrose, followed by deflagellation with 200-300 µl of 20
mg/ml dibucaine. The mixture was under-layered with 5 ml 25% sucrose prior to
centrifugation for 4 min or longer at #4 speed in a clinical centrifuge until cell bodies
entered the 25% sucrose layer. The translucent top layer was centrifuged in a microfuge
for 2 min. Flagella pellets were resuspended to about 1 mg/ml with a buffer containing 10
mM HEPES, 2.5 mM MgSO4, 0.5 mM EDTA and 6 mM NaCl and then treated with ¼
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volume of 5X SDS sample buffer freshly supplemented with a 1/20 volume of βmercaptoethanol. The final flagellar mixture was boiled for 5 minutes prior to SDSPAGE. This procedure was modified to prepare flagellar minipreps from 5-ml cultures.
2.3.2.2 Western Blot Analysis
Protein samples were fractionated in 7% polyacrylamide gels at 190 volts.
Denatured proteins in the gel were then transferred onto a nitrocellulose membrane with a
0.45-µm pore size for 1 hour at 100 volts. After 1 hour of blocking at room temperature
in a 5% fat-free powder milk/Tris-buffered saline (TBS) solution, the membrane was
incubated at 4˚C overnight with the following primary antibodies: 1:5000 diluted antiRSP3 rabbit polyclonal antibody (Zhu et al., 2019), anti-GCN4 mouse monoclonal
antibody (Zahnd et al., 2004) (Absolute Antibody, Boston, MA) or affinity-purified
rabbit anti-mCherry polyclonal antibody (Rockland Immunochemicals, Pottstown, PA).
After three 5-min washes with 1X TBS, the membrane was then incubated with the
following secondary antibodies at a 1:5000 dilution in 5% milk at room temperature:
anti-rabbit HRP antibody for anti-RSP3 and anti-mCherry; anti-mouse IgG for antiGCN4. Following three 5-min washes with 1X TBS, the membrane was processed for
chemiluminescence.
2.4 Imaging
2.4.1 Imaging Devices
Fluorescence and phase contrast images were taken using a 40X Plan Fluor lens
on an Eclipse E600 wide field fluorescence microscope (Nikon) equipped with filters for
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imaging mCherry (Ex: 532-587 nm; Dm: 595 nm; Em: 595-635 nm), tdTomato (Ex: 532557 nm; Dm: 562 nm; Em: 573-606 nm), and mScarlet (Ex: 543-568 nm; Dm: 570 nm;
Em: 579-612 nm). Excitation illumination was from the 4-channel SOLA SM 365 LED
light engine (Lumencor, Beaverton, OR). The wavelengths were 365, 470, 530, 590 nm.
Images were captured using a DFC9000 GT sCMOS camera (Leica) and the
accompanied imaging software (Leica).
2.4.2 Live Cell Imaging
For fluorescent imaging, cells were harvested from liquid cultures or 5-7-day TAP
plate cultures. Cell suspensions were concentrated by micro-centrifugation and excess
liquid was removed. A 2-3 µl aliquot of concentrated suspension was applied to a glass
slide. The limited volume was necessary to prevent cell drifting during imaging. After
covering the cells with a cover slip, images were taken immediately. For fast swimmers
with long flagella, cells were immobilized on a glass slide coated with poly-L-lysine.
Glass slides were first immersed for 10 seconds in a 5 mM EDTA solution to remove
calcium. A thin layer of 0.001% poly-L-lysine was then spread across the entire glass
slide. When the fluid dried up, the slides were briefly rinsed with distilled water. Cells
were applied to the coated slides and then imaged as described previously.
Exposures for snapshots were typically 1 or 5 sec/frame as indicated. For
streaming videos, images were captured at either 1 sec/frame or 0.5 second/frame
continuously. Brightness and contrast of comparable images were primarily adjusted to a
similar extent using ImageJ software (https://imagej.nih.gov/ij/). The Adobe Photoshop
program was used for final adjustment to ensure visibility of objects of interests.
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2.4.3 Data Analysis
2.4.3.1 Quantifying Flagella Intensity
Quantitative analysis of fluorescence intensity (Figure 3-5B) was performed using
ImageJ software. A line with a length of 8 units was drawn perpendicularly through
flagella and the intensity along the line was determined using the Plot Profile function.
Peak intensity was subtracted from the background, which was calculated by averaging
the lowest 10 intensity values to render raw intensity values with arbitrary units (AU).
2.4.3.2 Quantifying RSP3-FP Spot to Background Intensity Ratios
The intensity at the area below basal bodies in RSP3-mCherry, RSP3-tdTomato,
and RSP3-mScarlet cells was compared to two background measurements. One was the
same area in parental pf14 cc613 cells. The other was the nearby area of the same cell
that emitted autofluorescence.
A 12 x 13 circle (3.27 units) was drawn around the area of interest using the oval
tool in ImageJ. Intensities of each area were determined using Plot Profile under the
Analyze function. For all fluorescent RSP3 cells, data were collected from 10 randomly
selected cells. For the cc613 negative control, data were collected from 5 cells. These
values were used to calculate signal-to-background ratios. Graphs were generated using
the Excel program.
2.4.3.3. Statistical Analysis
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A one-way ANOVA program (www.vassarstats.net) was used to determine statistical
significance between the data sets.
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CHAPTER 3: DYNAMIC SINGLE FLUORESCENT TAGGED RSP3 IN THE
CELL BODY
3.1 Introduction
Despite extensive characterizations of IFT along flagella and at the flagellar base
in Chlamydomonas, the locations of flagellar proteins, i.e. IFT cargoes, remains
controversial. Immunofluorescent intensity of flagellar proteins at the basal bodies,
including RSP3 in the radial spoke, are insufficient to account for the abundance of
proteins necessary to generate two half-length flagella (Rosenbaum et al., 1969). In
contrast, RSP3-EGFP is not even detectable in the basal body area where
autofluorescence is relatively low (Yanagisawa et al., 2014; Zhu et al., 2019) compared
to the other areas in the cell body. Photosynthetic pigments in typical green plants have
multiple broad absorption peaks spanning the visible light range and contribute to most of
the autofluorescence (Rasala et al., 2013). These independent lines of evidence indicate
the limitation of immunofluorescence (Schnell et al., 2012) and the constraints of plastid
autofluorescence (Lang et al., 1991).
We employed multiple approaches to overcome these obstacles and the low
abundance of flagellar proteins. One was to tag RSP3 and another RSP, NDK5, with
NeonGreen (NG). NG was found to be 2.7X brighter than EGFP (Shaner et al., 2013), but
its excitation peak is within the absorption peak of carotenoids. To further reduce the
background, we used methanol to extract chromophores. This thesis focused on tagging
RSP3 with mCherry and tdTomato. These two fluorescent proteins had the highest
signal/background ratio among all fluorescent proteins tested (Rasala et al., 2013), partly
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due to their absorption peaks at the orange-red spectra, purportedly the lowest absorption
spectra of typical green plants. The new red fluorescent protein, mScarlet (Bindels et al.,
2017), also with a spectra in this area, was explored as well. These approaches, in
combination, finally revealed intracellular spoke protein signals unequivocally and
provided new insights on flagella biology.
3.2 Results
3.2.1 Green RSPs
As RSP3-EGFP was not bright enough to reveal intracellular signals (Yanagisawa
et al., 2014), we engineered RSP3-NG. Although NG is in theory 2.7X brighter than
EGFP (Shaner et al., 2013), the RSP3-NG signal was still invisible in the relatively dark
basal body area surrounded by the typical pattern of autofluorescence which largely
corresponded to the location of chloroplasts (Figure 3-1A). To test if autofluorescence
obscured RSP3-NG at the basal body area, RSP3-NG cells attached to poly-L-lysine
coated slides were treated with -20oC methanol, a commonly used fixative for the
cytoskeleton and for extracting chromophores (Sanders and Salisbury, 1995).
Methanol treatment drastically reduced autofluorescence as well as the intensity
of RSP3-NG flagella perhaps by denaturation (Figure 3-2B). Compared to the control, the
parental pf14 cells (left panel), an RSP3-NG signal was noticeable following methanol
extraction in the area below the basal bodies (Figure 3-1B, arrowhead, see fluorescence
and phase contrast overlay). However, the intensity of this spot was dimmer than the
intensity of the flagella and the spot was only evident in 4 cells out of at least 20 cells
observed. Notably, this area was far brighter than the putative basal body signals (arrows)
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right below the cell membrane. The patterns were not identical to each other and were
distinct from the reported horseshoe pattern within the NBBC (Wood and Rosenbaum
2014). In one cell, the signal appeared immediately below basal bodies (Figure 3-2, top
panel). In another case, the pattern looked like a ring with a dark center. It was unclear
whether most cells lost this signal during methanol fixation or if most cells had the signal,
but it was too dim to be discernable.

Figure 3-1. RSP3-NeonGreen in the cell body was revealed following pigment extraction
with methanol. Fluorescence microscopy of a live pf14::RSP3-NG cell (A) and cells treated
with -20oC methanol (B). pf14 is the negative control for pf14::RSP3-NG cells. Overlay with
the phase contrast image (right panel) revealed intracellular locations of RSP3-NG. A new
site (arrowhead) dimmer than the flagellar signals was below the basal bodies (arrow) and the
plasma membrane. Scale bar, 10 µm.
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To test whether these patterns were unique to RSP3, the scaffold protein in the
radial spoke, we observed methanol-treated RSP23 (NDK5)-NG cells. NDK5 operates as
a homodimer like RSP3 and is tethered to RSP3 (Zhu et al., 2017b). NDK5-NG
transgenic constructs could rescue the ndk5 mutant, just as the RSP3-NG gene rescued
the RSP3 (pf14) mutant. Flagella of live NDK5-NG cells were bright, but no intracellular
signals were detectable, as was the case for RSP3-NG cells. Following methanol fixation,
a dim intracellular fluorescent spot was observed in a fraction of cells observed (Figure 32A). Interestingly, many cells shed flagella when they were applied to poly-L-lysine
coated slides (Figure 3-2B). An evident fluorescent signal was seen below the nascent

Figure 3-2. Methanol-treated NDK5-NeonGreen cells. ndk5::NDK5-NG cells with fulllength flagella (A) or with nascent flagella after deflagellation (B) on poly-L-lysine-coated
slides. NDK5-NG signals were visible in nearly all deflagellated cells at areas corresponding
to the basal bodies (arrow) and/or the area below (arrowheads). Occasionally the signal
appeared like a horseshoe (double arrowhead). Oftentimes signals at both areas seem to
overlap. Scale bar, 10 µm.
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flagella in nearly every deflagellated cell (arrowhead), either near the basal bodies (b, c, e
and f) or in the area below (a and d). In one cell (d), it looked like a horseshoe (double
arrowheads) as was shown by immunofluorescence (Wood and Rosenbaum, 2014).
Therefore, RSP3-HA locations revealed by immunofluorescence are similar to the
locations of NG- tagged RSP3 and NDK5 in cells merely fixed with methanol. However,
the relative intensities are different, and more methanol-fixed cells can be analyzed. First,
flagella with RSP3-NG or NDK5 are brighter than the intracellular signals as expected.
The intracellular signal was detected infrequently for cells with full length flagella but
could be easily spotted in cells with emerging nascent flagella. This signal varied in
pattern and location, either present in basal bodies and the area below or appeared as one
area at the level of the basal bodies. Note, contrary to immunofluorescence, the area
below was typically brighter than the basal body area.
3.2.2 Red RSP3 - mCherry and tdTomato
Although methanol fixation could extract chromophores, background
autofluorescence was still high compared to NG signals (Figure 3-2). Furthermore,
methanol treatment prevents live imaging. For Chlamydomonas, red fluorescent proteins
such as mCherry and tdTomato have the highest signal/background ratio presumably
because of their spectra in the range of low autofluorescence. Therefore, we swapped NG
DNA in the RSP3 construct with mCherry or tdTomato DNA. These two reporters were
derived from the same red fluorescent protein but have distinct properties. mCherry is
expected to have a lower signal/background ratio than tdTomato and mCherry is
substantially dimmer than tdTomato and EGFP (Shaner et al., 2013). Its emission is
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closer to the red autofluorescence peak (Table 3-1) and thus the background in cell body
will likely be stronger. However, mCherry matures far faster than tdTomato, an important
feature to track newly synthesized flagellar proteins triggered by deflagellation (Lefebvre
and Rosenbaum, 1978). Its 0.6-hour maturation time suggest that newly produced RSP3mCherry may be visible before flagella generation is completed in ~ 1 hour.
RSP3-mCherry and -tdTomato cells were imaged using the filter set tailored to
each fluorescent protein. RSP3-mCherry flagella were dim as expected. They were as

Figure 3-3. Live intracellular signals of RSP3 with a red fluorescent tag. No RSP3mCherry signal was evident below flagella (A, top panel), even in images with enhanced
brightness and contrast (bottom panel). RSP3-tdTomato’s signal (B, all panels) was
detectable more than 0.5 µm below flagella (arrowhead), albeit varying in intensity as
compared to the nearby flagellar base. The spot near the equator is the eye spot that contains
photo-sensitive chromophores. RSP3-tdT cells were grown under constant light the night
before imaging to have evenly illuminated flagella. Scale bar, 10 µm.

bright as the cell body autofluorescence (Figure 3-3A). No distinctive intracellular signal
was detectable (hollow arrowhead) even with digital enhancement (bottom panel). In
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contrast, RSP3-tdTomato flagella (Figure 3-3B) were far brighter than the cell body and
an unequivocal intracellular spot was detected (white arrowhead).
However, the assembly of radial spokes in all four RSP3-tdTomato strains was
not normal. When these cells grown in typical synchronized liquid cultures under the
day/night cycle were observed in the morning, flagella that were newly generated a few
hours earlier would beat irregularly. Consistent with this, the middle region of the flagella
was dimmer than the proximal and distal ends. Interestingly, after overnight under
constant light, normal motility was restored, and flagella fluoresced uniformly (Figure 33B). We envisage that tdTomato, perhaps due to steric hindrance of two fluorescent
proteins aligned in tandem, may interfere with RSP3’s production, folding, or intermolecular interactions for spoke assembly or trafficking. As such, spoke assembly trails
flagella assembly, leading to distal assembly defects. The deficiency in full length
flagella may be repaired when fluorescent spokes continue arriving at the tip and fill in
the empty spoke sites in a tip-to-base direction (Johnson and Rosenbaum, 1992; Zhu et
al., 2019). Consequently, the middle segment will be the last area to be repaired.
The spot in live RSP3-tdTomato cells grown in liquid cultures (Figure 3-3, white
arrowhead) is reminiscent of, but not identical to, the RSP3-NG spot in methanol-treated
cells (Figure 3-1B). Notably, whereas this spot was previously detected in only a fraction
of RSP3-NG methanol-fixed cells, the spot was detected in many live RSP3-tdTomato
cells from liquid cultures, albeit with varied intensity when compared to the flagella. This
suggest that the abundance of RSP3 at this area the below basal bodies fluctuates.
While all four RSP3-tdTomato strains generated in 2016 exhibited these features,
flagella in three clones were no longer motile or fluorescing when they were observed in
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2018. Therefore, the RSP3-tdTomato transgene is prone to become silenced. In contrast,
the silencing effect was not evident in the strains expressing other fluorescently labeled
RSP3 proteins.
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Table 3-1. Comparison of red fluorescent proteins. The pertinent properties of mScarlet-I, mCherry and
dTomato are respectively boxed in red, pink, and orange. This table was adapted from Bindels et al., 2017.
Percentages normalized to mCherry in-cells brightness.
a
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3.2.3 RSP3-mScarlet
To test whether the prominent presence of the RSP3-tdTomato spot was related to
compromised spoke assembly, we tagged RSP3 with a new red fluorescent protein,
mScarlet, specifically its mScarlet-I derivative (Bindels et al., 2017). Like mCherry and
tdTomato, mScarlet proteins were originally derived from dsRFP through mutagenesis.
Most altered residues are in the same positions (Figure 3-4), suggesting they are central
to red fluorescent spectra. mScarlet’s spectra are between tdTomato’s and mCherry’s.
More importantly, mScarlet is reportedly the brightest monomeric red fluorescent protein
and is conducive for imaging (Bindels et al., 2017; Table 3-1). In particular, its intensity
is comparable to dTomato, which undergoes dimerization.

Figure 3-4. Sequence alignment of the three red fluorescent proteins used in this
thesis. All fluorescent proteins shown are derivatives of dsRFP. mScarlet shares 86%
identity with both mCherry and tdTomato. The alignment was compiled using the
program in the Fluorescent Protein Database https://www.fpbase.org/.
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An RSP3-mScarlet construct could fully rescue pf14, like the constructs
expressing RSP3-NG or RSP3-mCherry. As the spectra of mScarlet and mCherry are
close, RSP3-mScarlet cells were imaged using the mCherry filter set. Fluorescence was
distributed uniformly throughout RSP3-mScarlet flagella. However, except for having
brighter flagella, mScarlet cells resembled mCherry cells (Figure 3-3A). Critically, the
intracellular spot was not visible.
3.2.4 Filter Sets Tailored to Fluorescent Proteins and Autofluorescence
We reasoned that optimizing the filter sets could elevate mScarlet’s
signal/background ratio significantly enough to visualize the intracellular spot. To reduce
red autofluorescence, the emission filter’s cutoff was limited to 610 nm, 25 nm lower
than that for mCherry’s. The tradeoff was reduced signal, albeit theoretically to a lesser
degree.
RSP3-mCherry, -mScarlet, -tdTomato and the parental pf14 strain were imaged
using the three red filter sets and nearly identical imaging parameters. The images were
brightened to reveal dim flagella so that all images from representative cells for each
strain and filter set were adjusted digitally in a similar manner (Figure 3-5A). RSP3tdTomato flagella appeared the brightest, whereas RSP3-mCherry flagella were the
dimmest, regardless of filter sets. As expected, mCherry flagella or tdTomato flagella
were the brightest when viewed with their respective filter sets (Figure 3-5B). RSPmScarlet flagella appeared brighter when viewed with the mCherry filter sets compared
to the mScarlet filters at the expense of a strong autofluorescence in the cell body (Figure
3-5A). This is likely due to the fact that long wavelength red light, both signal and

35
autofluorescence, can pass through mCherry’s wider bandwidth emission filter. The field
background from mCherry’s filter set was also stronger likely due to narrow cut-off
differences among the three filters and thus leakage of excitation illumination.

A

Figure 3-5. Comparisons of pf14 cells expressing red RSP3 under three filter sets. (A) A
montage of fluorescent images from representative cells for each strain. Parental pf14 cells
were the control. Cell body autofluorescence and field background were brightest under the
mCherry filter set. Scale bar, 10 µm. (B) Bar charts of flagellar intensity measured in images
taken under three filter sets. The order of flagella intensity was tdTomato> mScarlet>mCherry
based on images using the tailored filter sets. * and **, statistically significant, *p<0.05 and
**p<0.01. N=4.
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Importantly, with a 1-sec exposure under the mScarlet filter set, the intracellular
spot was visible, albeit dimly, in RSP3-mScarlet cells imaged immediately after
resuspension (Figure 3-6, right panel). Under the tdTomato filter set, the spot was even
weaker but became evident with a 10-sec exposure (Figure 3-6, middle panels). Although
the long exposure also created prominent autofluorescence, the area around this spot
remained relatively dark. In contrast, under the mCherry filter set, this spot was not
distinguishable from the adjacent area of autofluorescence (Figure 3-6, left panel).

Figure 3-6. Intracellular signals of RSP3-mScarlet cells imaged with three red filter sets.
The signal was most distinctive when mScarlet filters (mSc) were used (arrowhead), partly
due to the lowest autofluorescence at the adjacent area. Under mCherry filters (mC), this area
cannot be unequivocally separated from the nearby autofluorescence. The spot, also dim under
tdTomato filters (tdT), became evident following a 10-sec exposure. The background also
became brighter after a longer exposure.

We compared the intracellular spot in 1-sec exposure images of three red RSP3
cells resuspended from plates using the tailored filter sets (Figure 3-7A). Indeed,
tdTomato spots were more prominent than mScarlet spots. mCherry spots were not
discernable. To quantify signal/background ratios, the background was measured from
the equivalent dark area in parental pf14 cells imaged with the same filter set (Figure 37B), or from an area next to the spot (Figure 3-7C). Consistent with visual observations,
RSP3-tdTomato had the highest ratio in both comparisons.
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B
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Figure 3-7. Comparisons of red RSP3 spots below flagella. (A) One representative cell for
each red fluorescent protein imaged with the tailored filter set. Solid and empty arrowheads,
the location of RSP3 signals. (B and C) Bar charts of signal/background ratios. Background
intensity was measured in the area expected for the intracellular spot from control pf14 cells
(B) and in the area next to the measured spot (C). Controls were imaged with the same filter
set used for each respective fluorescent protein. FP, fluorescent protein; * and **, statistically
significant, *p<0.05; **p<0.01. N=10 for RSP3-FP; N=5 for pf14 cc613.
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RSP3-mScarlet’s ratio was higher than RSP3-mCherry’s ratio when intracellular
signal intensity was compared to the intensity of the corresponding dark area in pf14
cells, but the difference was more prominent when the intracellular signal intensity was
compared to the intensity of a nearby area of autofluorescence (Figure 3-7C). Therefore,
although the narrow emission bandwidth of the filter set developed in this thesis reduced
mScarlet’s intensity, it diminished autofluorescence to a larger degree, making the RSP3mScarlet spot conspicuous.
3.2.5 Inverse Function of Intracellular Spot Intensity and Flagellar Lengths
Based on images of the prominent spot common in cells with nascent flagella
either after deflagellation (Figure 3-2) or after resuspension (Figure 3-6), it looked as
though the spot intensity was variable. In general, the intensity was stronger when
flagella grew rapidly at the beginning and the intensity was weaker afterwards. To test
this systematically, we imaged RSP3-tdTomato and RSP3-mScarlet strains periodically
after cells from culture plates were resuspended in 10 mM HEPES buffer, a typical way
to trigger flagellar generation and hatching.
As expected, the spot (arrowhead) was evident in cells with stubby flagella
immediately after resuspension (Figure 3-8) following a 1-sec exposure for RSP3tdTomato cells (Figure 3-8A) or 5-sec exposure for RSP3-mScarlet cells (Figure 3-8B).
Attempts were made to modify all images equally. The spot in both strains became less
prominent at later time points when compared to flagella intensity. Despite this, when
tdTomato cells were exposed for 5 seconds, the spots were noticeable in most cells
(Figure 3-8A, compare two panels at the 45 min time point). Note, similar to liquid
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culture cells, after 45 min in suspension, tdTomato flagella remained paralyzed with
fluorescence diminished toward the tip, suggesting compromised spoke assembly. In
contrast, 2-3-µm long mScarlet flagella were beating rhythmically.
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Figure 3-8. Signals of the intracellular spot are inversely correlated with flagellar
lengths. (A) RSP3-tdTomato. (B) RSP3-mScarlet. Cells harvested from agar plates were
imaged at the indicated time point after resuspension or taken from liquid cultures. Initially,
the central spot signal was as bright as, or even brighter than, nascent flagella (0 time point),
but the intensity diminished as flagella lengthened and became brighter. In images taken later,
some central spots appeared like a ring with a dark center. The exposure for most tdTomato
images was 1 sec. The right panel of the 45 min time point and the figures with a ring were
exposed for 5 sec. All mScarlet figures were exposed for 5 sec. Note, tdTomato flagella were
paralyzed, with fluorescence intensity diminished toward the distal end. Scale bar, 10 µm.

In cells with nascent flagella after shedding their full-length flagella upon
contacting a poly-L-lysine coated slide (Figure 3-8A, bottom left panel), the spot
(arrowhead) returned to nearly the intensity of nascent flagella (arrows). Thus, the signal
at this area could rebound following deflagellation, perhaps reflecting the deployment of
flagellar proteins for flagellar generation. Interestingly, the RSP3-mScarlet spot was
noticeable in some liquid culture cells (arrowhead) with full length flagella attached to
poly-L-lysine. Perhaps, binding to poly-L-lysine, which is necessary for immobilizing
swimmers with long flagella, may signal the deployment of flagellar proteins to this area.
In some resuspended cells, the spot had a dark center and looked like a ring or a
deformed ring (Figure 3-8A, bottom right panels), resembling that of RSP3-NG after
methanol fixation (Figure 3-1B).
3.2.6 Fluorescent Signals Toward the Nucleus
Unexpectedly, additional fluorescent patterns were detectable in the RSP3tdTomato cell body (Figure 3-8A). Similar signals were present in RSP3-mScarlet cells
as well, but these signals were not as prominent (Figure 3-8B). In tdTomato 5 sec
exposure images, these additional signals could be revealed unequivocally but were
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absent in pf14 control cells (Figure 3-9), strongly suggesting that these signals were from
RSP3-tdTomato.

Figure 3-9. Changes in RSP3-tdTomato signals. RSP3-tdTomato appeared diffuse but
mostly concentrated around the nucleus (arrow) and near the anterior 2/3 of cells initially
resuspended in the HEPES buffer. At later time points, the fluorescent area became more
defined, appearing as patches, patches with a dark center, or rings (line). The images were
exposed for 5 sec. The contrast of the inset image at the 15 min time point was amplified and
the dimensions were doubled (right panel) to showcase ring-like structures.
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At time 0, right after resuspension, fluorescence was diffuse and mostly
distributed in the anterior 2/3 of cells and around the nucleus (arrow). In the images taken
at the later time points, the pattern appeared more distinctive, as patches, patches with a
dark center, or rings of varied intensities (lines). The signals were still largely distributed
toward the anterior 2/3 of cells. With 4X enlargement and enhanced contrast and
brightness, the rings in the inset image taken at the 15-min time point became prominent.
In one cell, the rings appeared tethered together up to the flagellar base.
3.3 Discussion
3.3.1 The Central Fluorescent RSP3 Spot Below the Basal Bodies
This thesis, using independent approaches, provides compelling evidence that the
area below the basal bodies is enriched with RSP3 as shown previously by
immunofluorescence. Although only the RSP3-tdTomato spot is most prominent in live
cells, RSP3-mScarlet, RSP3-NG, and NDK5-NG - expressed from modified genomic
constructs to complement mutants missing the respective protein - also exhibit similar
patterns. Therefore, it is highly likely that this enrichment is physiological relevant and is
not limited to RSP3.
However, the intensity relative to the flagellar base is distinct. In
immunofluorescence studies, the most intense RSP3 signal was around the two basal
bodies. Signals beneath the basal bodies and in the flagella were also apparent but were
dimmer than the basal body signals. In contrast, fluorescence in methanol-fixed or live
cells expressing fluorescent proteins-tagged RSP3 and NDK5 is the brightest in flagella.
In fact, in RSP3-tdTomato cells 45 mins after resuspension or later, the two basal body
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spots are not detectable in most cells. However, a dim spot below the basal bodies is still
detectable (Figure 3-8A). The differences may due to poor accessibility of antibodies to
epitopes in the axoneme (Schnell et al., 2012), evident by the weak and often spotty
immunofluorescence of axonemal proteins, such as RSP3 in flagella, despite their
uniform distribution throughout flagella. It is also possible that the epitopes at the basal
bodies are the most accessible to antibodies or the signals here are due to non-specific
binding.
Notably, the intensity at this region below the basal bodies appears to vary among
different cells. Although this could be attributed to varied focal planes, the intensity
relative to the constant intensity of the nearby flagellar base also varies. Furthermore, the
intensity in this region gets dimmer as flagella lengthen (Figure 3-8A and 9B). This
suggests that the abundance of RSP3 in this region fluctuates and declines in general as
flagella lengthen. A bright spot in selective cells with full length flagella suggest that
fluctuations may occur stochastically or may be caused by binding of flagella or cell
bodies to a poly-L-lysine substrate, similar to the flagellar attachment-triggered switch
from rhythmic beating to gliding (Mitchell et al., 2004; reviewed by Bloodgood, 2010).
These two possibilities are not mutually exclusive. We are tempted to speculate that the
abundance of flagellar proteins in the area below the basal bodies could be up-regulated
by the same signals which trigger deflagellation (Figure 3-2B; Figure 3-8A, bottom left
panel) or flagellar generation after resuspension in hypotonic solution (Figure 3-8B).
Both reactions are signaled by calcium (reviewed by Quarmby, 1996).
The superior brightness of RSP3-tdTomato offers the opportunity to
unequivocally capture intracellular signals in multiple locations. In fact, the spot could
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still be captured with a 0.5-sec exposure and with reduced excitation light intensity,
which will be conducive for video-microscopy.
Similar images acquired from consecutive 1 and 5 second exposures, either using
RSP3-tdTomato or RSP3-mScarlet, suggests a slow dynamic, if at all, compared to the
frequent avalanche-like entry of accumulated IFT trains into flagella that occurs once
every few seconds (Ludington et al., 2013) and the nearly 50 Hz beating of flagella. We
cannot rule out inconspicuous microdynamics at this spot corresponding to loading rates
or departing rate of fluorescent RSP3. As each IFT train may not always carry a
particular axonemal cargo but always contains multiple copies of an individual IFT
subunit (Craft et al., 2015), the change in intensity revealed by fluorescent RSP3 at this
area will be less striking than the signals from fluorescent IFT subunits. Alternatively,
trafficking may be halted by compression of cells sampled at later time points (Liu et al.,
2017). It is possible that cells harvested from plates enlarge gradually in suspension from
influx of water and thus cells imaged at later time points may be larger and more prone to
become compressed between the slide and coverslip. More sensitive experiments, such as
fluorescence recovery after photobleaching and single particle imaging, may be needed to
visualize the intracellular trafficking events.
3.3.2 RSP3-tdTomato Signals Near the Nucleus
Additional RSP3-tdTomato signals are observed around the nucleus far away
from the flagellar entrance. These patterns are distinct from that in the control pf14 cells
(Figure 3-9). In fact, pf14 autofluorescence might be amplified for focusing. Nonetheless,
pf14’s autofluorescence pattern remains unchanged regardless of the filter sets or time
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points following resuspension (Figure 3-1A, 3-3 and 3-9). In contrast, overall RSP3tdTomato signals diminish as flagella lengthen (Figure 3-8 and 3-9).

Figure 3-10. Comparison of the spectra of tdTomato, mCherry, and mScarlet-I. Note, in
terms of brightness, the product from efficient coefficient (EC) times quantum yield (QY),
tdTomato is nearly 2X brighter than mScarlet-I as shown in fluorescent flagella. The output
was generated by the FPbase.

The initial large area with a similar intensity as the waiting zone could account for
the stored flagellar cargoes sufficient to generate two half-length flagella (Rosenbaum et
al., 1967). Flagella lengthening should deplete the storage if no replenishment is
synthesized or if newly synthesized RSP3-tdTomato remains dark for 1-2 hours due to its
slow maturation time (Table 3-1).
The diffuse pattern of RSP3-tdTomato that is largely limited to the anterior 2/3 of
the cell could be due to tethering to numerous vesicles (Wood and Rosenbaum, 2014),
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endoplasmic reticulum (Kim et al., 2018), and other membranous compartments near the
nucleus. The switch to rings or defined patches in cells observed at later time points
(Figure 3-9) could be related to flagellar generation triggered by resuspension. However,
it is also possible that this switch may be triggered by compression of larger cells imaged
at the later time points. Regardless, flagellar proteins may become tethered to the
membrane compartment before being delivered near the flagellar base (Wood and
Rosenbaum, 2014). Perhaps signaling or compression itself (Liu et al., 2017) triggers
membrane fusion or redistribution of bound RSP3-tdTomato, leading to a patchy or ringlike appearance.
3.3.3 The Value of mScarlet
The intensity of mScarlet in this study, which is ~2X dimmer than tdTomato (Figure 3-5,
3-6 and 3-7), is unexpected. The results are inconsistent with the data in Table 3-1
(Bindels et al., 2017), but consistent with the data from the Fluorescent Protein Database
(FPbase, https://www.fpbase.org/) (Figure 3-10). The weak mScarlet signal, 2X lower
than tdTomato, cannot be explained by the narrow band width of the mScarlet emission
filter sets since both filter sets were designed similarly. Perhaps the brightness of
tdTomato in Table 3-1 was based on only one fluorescent protein of dTomato which is
prone to dimerize, but not both fluorescent proteins in tdTomato. Thus, tdTomato is still
the brightest existing red fluorescent protein.
mScarlet signals could be increased by red-shifting the emission filter’s cutoff.
However, the extent of the red shift is limited, otherwise brighter autofluorescence will
ensue like the mCherry filter set (Figure 3-5). The signal could be amplified by longer
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exposures. However, extensive exposure could elevate autofluorescence in a manner that
is not proportional to the increase of the signal intensity (Figure 3-8B, bottom panel). Red
autofluorescence was exceedingly bright in dead or dying cells perhaps due to lightinduced oxidation of chromophores. Therefore, there may be an optimal exposure
condition for red fluorescent proteins to obtain the maximal signal/background ratio.
Although mScarlet is only half as bright as tdTomato, it is still the brightest
monomeric red fluorescent protein and a major fraction of its emission is outside the
intense red autofluorescence in green plant cells. It is also half the size of tdTomato. Like
other monomeric fluorescent proteins, it does not seem to interfere with RSP3 in any
detectable way. Thus, mScarlet is still a desirable bright fluorescent protein for live
imaging, especially in live plant cells whenever the more bulky tdTomato fluorescent
protein is not suitable.
3.3.4 The Lessons from Three Red Filter Sets
As the background from the mScarlet filter set and the tdTomato filter set appear
similar (Figure 3-5 and 3-6), it may be feasible to widen the current emission band width
of the tdTomato emission filter from 595 nm to the mScarlet filter’s 610 nm to increase
the signal without the penalty of rising autofluorescence. In contrast, the extent of red
shift for mScarlet’s emission filter is limited. The optical filters for fluorescence
microscopes are pricy, which limits trials of fluorescent filter sets. Nonetheless, imperfect
filter sets could be partially complemented by adjusting exposure durations and excitation
light intensity.
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The bright field background from our mCherry filter sets is likely due to narrow
differences among the cutoffs of its three filters, which will cause insufficient block of
excitation illumination, leading to increased field background (Figure 3-5). This reflects
the constraints of raising the signal/background ratio. As mCherry flagella are already
dim, reducing autofluorescence and general background by narrowing its emission filter’s
bandwidth will reduce the signal intensity further. Therefore, in terms of
signal/background ratio, mScarlet is superior to mCherry for visualizing molecules in the
cell body of typical photosynthetic cells.
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CHAPTER 4: RSP3 WITH MULTIPLE FLUORESCENT TAGS
4.1. Introduction
To increase the fluorescent intensity of proteins of interest, this chapter explored
an approach that involves adding multiple fluorescent proteins to a single carrier protein.
This strategy was employed to overcome the restrictions associated with direct
fluorescent labeling using multiple copies of a fluorescent protein. Consistent with this,
the RSP3-tdTomato transgene appears to be more prone to silencing than the others
carrying only one copy of fluorescent protein DNA (Chapter 3). This strategy, called the
SunTag, is an indirect, two-component tagging system which has been demonstrated in a
mammalian cell line (Figure 4-1).

Figure 4-1. Schematic pictures depicting the SunTag system. (A) The protein of interest
(X) is expressed as a fusion protein with n epitopes, each capable of binding to a GCN4
binding site. (B) ScFv-fluorescent protein (FP). ScFv is a single chain GCN4 antibody
fragment fusing the variable regions from the light chain and heavy chain to form a single
epitope binding site. (C) Full binding of a Protein X-(Epi)6 with 6 ScFv-FP molecules.
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The first component, the protein of interest (Protein X), carries tandem repeats of
a 19-amino acid (a.a.) epitope (Epi) from GCN4, a transcription factor from
Saccharomyces cerevisiae. Epitopes are connected together by a 5-a.a. GSGSG linker
sequence. The second component is a fusion protein containing a fluorescent protein
downstream to a modified GCN4 antibody, specifically a single chain antibody fragment
(ScFv) fusing the two variable regions which form the GCN4 epitope binding domain.
When co-expressed, protein X-(Epi)n could bind up to n copies of ScFv-fluorescent
proteins. Using this indirect tagging strategy, a cytosolic carrier could be tethered to a
maximum of 24 fluorescent proteins, breaking through the modest limit of direct tagging.
As tdTomato has a mild adverse effect on RS assembly and its transgene seems to
be prone to silencing, we took an incremental approach toward the SunTag system,
limiting n to 4 and 6 at this exploratory stage. mScarlet was chosen as the fluorescent
protein because of its spectra in the low autofluorescence range (Chapter 3). This
approach revealed unexpected insights in Chlamydomonas and the SunTag.
4.2 Results
4.2.1 Partial Rescue of pf14 with RSP3-NG-(Epi)4
To test whether Chlamydomonas cells could tolerate epitope repeats, we first
added 4 epitopes to RSP3-NG’s C-terminus by transforming a transgene expressing the
RSP3 fusion protein and an antibiotic resistance gene for selection into pf14 cells. As
RSP3-NG flagella are rather bright (Figure 3-2), NG will report the presence, abundance,
and distribution of RSP3-NG-(Epi)4 in flagella. Motility analysis could also reflect spoke
assembly but is not as informative (Wei et al., 2010).
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Insertion of foreign DNA into Chlamydomonas chromosomes is not exactly
random or innocuous. Such events are often accompanied with changes in DNA inserts
and in host sites, such as deletions and rearrangements, perhaps aggravated by tertiary
DNA structures (Tam and Lefebvre, 1993; 1995; Li et al., 2016). As such, circular or
linear DNA could be altered drastically following insertion. In the Yang lab, typically 1030% of antibiotic resistant clones also have the gene of interest in the same construct
(Sivadas et al., 2012).
In the first two experiments where RSP3-NG-(Epi)4 was transformed into pf14
cells, only 1 of 94 and 1 of 64 antibiotic resistant clones, respectively, contained
swimmers. Neither had many swimmers, nor did their flagella exhibit any fluorescence.
The low rescue rates, partial rescues, and lack of fluorescence suggested severe
disruption of this plasmid had occurred during insertion.

Figure 4-2. Partial rescue of pf14 with RSP3-NG-(Epi)4. (A) Fluorescence microscopy (ae) of cells from clones with swimmers (a-c, e) and the positive control RSP3-NG strain (d);
and phase contrast of e (f). Arrows, flagella. Scale bar, 10 µm. (B) An RSP3 Western blot of
flagella prepared from 6 transformants (top panel). Protein loads were shown by Ponceau
stained membrane (bottom panel) prior to antibody decorations. RSP3 bands from the first 5
strains were larger than RSP3-NG band, indicating the presence of tag sequences. The ∆ strain
produced a truncated RSP3 protein and had dark flagella (e in A). RSP3-NG was the positive
control (d in A).
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To increase the transformation rate, plasmids were linearized prior to
transformation. The number of colonies that appeared on plates following transformation
with a linearized plasmid was nearly doubled. Out of 330 antibiotic resistant colonies that
were screened for motility, 22 had swimmers. However, still only a fraction of cells in
most strains could swim. Fluorescence microscopy revealed fluorescent flagella in some
of the swimming clones, but the intensity was dimmer than RSP3-NG flagella (Figure 42A, compare a-c with d). The clone with the highest percentage of swimmers had dark
flagella (compare e and f). As expected, a rapid western blot screening of flagellar minipreps from 6 clones revealed an RSP3 band in 5 swimmer clones that migrated slower
than RSP3-NG and was less abundant (Figure 4-2B). The dark flagella (e in Figure 4-2A)
from the clone had the highest percentage of swimmers had truncated RSP3 (∆) and was
presumably missing part of the dispensable C-terminus (Sivadas et al., 2012).
Examination of plasmid DNA sequences revealed a lack of codon bias in the Epi DNA
sequences, a crucial feature of Chlamydomonas transcripts (Merchant et al., 2007) and
for translation efficiency. We hypothesized that Chlamydomonas could tolerate the
epitope repeats but a lack of codon bias caused the low expression level of RSP3-NG(Epi)4.
4.2.2. Full rescue of pf14 with RSP3-(Epi)6
To test this, we engineered an RSP3-(Epi)6 construct with strict Chlamydomonas
codon bias. After a single transformation with the RSP3-(Epi)6 plasmid, 67 colonies that
appeared on TAP+PMM plates were screened for motility. Among them, 15 clones
contained swimmers.
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A rapid RSP3 Western blot screening of flagella mini-preps confirmed that 3 of
the 5 clones with mostly swimmers produced RSP3 fusion proteins larger than the RSP3
from the WT control (Figure 4-2, left panel, clone # 2, 3, and 5), corresponding to RSP3
tagged with 6 epitope sequences. Two other clones (#1 and 4) produced smaller

Figure 4-3. Western blots screening for RSP3-(Epi)6. (A) A RSP3 blot of crude flagellar
mini-preps from 5 clones with nearly all swimmers. Among these clones, RSP3 bands in
clones #2, 3 and 5 were larger than untagged RSP3 from a WT control, and thus produced
full-length RSP3-(Epi)6. In contrast, #1 and #4 were similar in size, suggesting truncated
versions. The intensity varied because protein loads from these crude preparations vary
substantially. (B) A blot of purified flagella from the #5 clone and pf14 as a negative control.
The blot was probed with a GCN4 antibody. Full length RSP3-(Epi)6 bands co-migrated with
the GCN4 band.

polypeptides, indicative of truncations. GCN4 Western blot analysis of purified flagella
from clone #5 detected GCN4 signal in the representative #5 sample but not the negative
control, pf14. The high rate of truncated clones suggests complex tertiary structures of
the 6 Epi DNAs. The full-length clones remained motile after 8 months. Thus, healthy
RSP3-(Epi)6 strains were generated, demonstrating that Chlamydomonas can
accommodate at least 6 Epi DNAs.
4.2.3 No Rescue of pf14 with Co-transformation of SunTag Constructs
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Contrary to the RSP3 genomic construct, ScFv-mScarlet is entirely foreign and
therefore could be prone to silencing (Cerruti et al., 1997). To address this, we chose the
pBR9 expression vector, which was designed to circumvent transgene silencing (Rasala
et al., 2012 and 2013). The vector has an HSP70/Rubisco promoter followed by three inframe sequences, encoding ble protein, the 24-amino acid 2A peptide from the foot-andmouth virus, and a gene of interest (Figure 2-3). The dual promoters drive robust
transcription of the ble gene, which produces copious amounts of a 14-kD protein which
sequesters zeocin, preventing the antibiotics from chelating dsDNA and causing doublestranded break and lethality (Oliva-Trastoy et al., 2005). The 2A sequence makes
ribosomes prone to skip peptide bond formation after 2A translation. Using this vector, it
was shown that ble protein-2A and the downstream fluorescent protein were expressed as
two separate polypeptides or a contiguous fusion protein, depending on whether
translation slippage occurred or not. As such, cells surviving zeocin selection also
produced fluorescent proteins. Fluorescent proteins in the cytosol were visible in
deconvolution microscopy, seemingly in all accessible cytosolic spaces (Rasala et al.,
2013). This plasmid was successfully adopted to express α-tubulin-EGFP, which could
be delivered by IFT into flagella (Craft et al., 2015).
Our attempts using the original pBR9 vector to express ScFv-mScarlet were not
successful. Although 10 zeocin-resistant clones were recovered after more than 7 days,
they were yellowish, slow growing, and none exhibited evident fluorescent signals that
were distinct from the pf14 control. We noticed incomplete codon bias of ScFv DNA and
hypothesized that production of ble protein-2A and ScFv-mScarlet were too low to thrive
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in zeocin selection, leading to sick and perhaps mutated cells without any fluorescent
signals.
To address these multiple problems, we modified the construct. ScFv DNA was
revised to comply with Chlamydomonas’s codon bias. Zeocin selection was switched to a
selection method familiar to the lab. Furthermore, we reasoned that robust expression of
zeocin-sequestering ble protein coupled to a downstream protein could lead to excessive
ScFv-mScarlet expression compared to RSP3-(Epi)6. This may render an unwanted
strong background throughout the cytosol. Therefore, the ble gene was replaced with the
Aph7 gene, which encodes a kinase that phosphorylates and inactivates Hyg (Berthold et
al., 2002). Being an enzyme, aph7 was expected to be of low abundance. As such,
expression of the downstream ScFv-mScarlet protein would hopefully be just abundant
enough to bind RSP3-(Epi)6 at a ratio exceeding 1:1.
To test the design of Aph7 (HYG)-2A DNA, we engineered a control construct
only expressing Aph7-2A. Many healthy Hyg-resistant clones were recovered within 4-5
days on Hyg plates following transformation. This indicated that the Hyg-2A construct
and the selection scheme were working properly. As the abundance of neither RSP3(Epi)6, Aph7-2A, nor ScFv-mScarlet could be easily diagnosed, we predicted that
fluorescent signals would be visible in swimmers producing both polypeptides. Thus,
both plasmids were added into the transformation reactions, which were subsequently
subjected to Hyg selection. After selection for Hyg-2A on Hyg plates, 36 Hyg-resistant
colonies grew up with a vibrant green color, albeit mostly after more than 1 week,
indicative of reduced Hyg-2A expression. The growth rate accelerated when the Hyg
concentration was reduced to half of the normal concentration or excluded from culture
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plates or liquid media. This suggests that the downstream ScFv-mScarlet DNA hinders
the production of antibiotic-resistant enzymes, and thus the growth of transformants; and
that antibiotics do not prevent silencing and are unnecessary, if not harmful.
The 36 Hyg-resistant clones were then subjected to motility screening, testing the
expression of RSP3-(Epi)6. Suspensions of 5 clones contained some swimmers, contrary
to the paralyzed parental pf14 cells and RSP3-(Epi)6 strains that contained all swimmers.
Surprisingly, flagella from cells in all 5 clones appeared dark when imaged under the
fluorescence microscope. When cultured in liquid media, no swimmers were observed.
This suggests that these 5 clones received both constructs but spoke assembly was poor,
if at all. Yet fluorescent signals were noticeable in the cell body of clone #6 following a
1-sec exposure. A 5-sec exposure showed two dots likely corresponding to the basal
bodies in most cells that were in focus (Figure 4-4, arrows). Underneath the basal bodies
were two dots, and in some cases, lines seemingly following the contour of the centrinrich nuclear basal body connector (NBBC, Wood and Rosenbaum, 2014). These patterns
were different that the single, larger RSP3-tdTomato spot observed previously (Figure 38A). Equally striking were prominent fluorescent filaments varying in lengths and
curvatures distributed throughout the cytosol regardless how cells were cultured. These
patterns were contrary to the anterior 2/3 distribution and varying patterns of diffusion,
patches, or rings observed in RSP3-tdTomato cells (Figure 3-8A).
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A

Figure 4-4. RSP3-mScarlet SunTag cells resuspended from plates (A) or from
liquid cultures (B). Fluorescent signals, detectable in the cell body but not in flagella,
were prominent at the basal bodies (white arrows). In some cells, they were also
below basal bodies (white lines), as two dots or fibers seemingly following the
NBBC. In addition, signals also appeared like fibers of varied lengths and curvatures,
distributed throughout the cytosol.
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4.3 Discussion
Contrary to our prediction, RSP3-Sun is not brighter than RSP3-tdTomato. In
fact, RSP3-Sun is not functioning properly. None of clones recovered from the SunTag
experiments had many swimmers or any fluorescent flagella. The patterns of RSP3-Sun
and RSP3-tdTomato are also quite different. Nonetheless, the unexpected observations
are informative about the constrains of tagging flagellar proteins and using the SunTag to
overcome the autofluorescence.
4.3.1 SunTag and RSP3
The outcome of co-transformation experiments strongly suggests both constructs
were expressed but the resulting RSP3-Sun is not functioning properly. Among the 5
Hyg-resistant swimmer clones, only one clone had detectable mScarlet signals in the cell
body. The fluorescence patterns in the basal bodies and along the cytoskeletal fibers in
the cell body argue against the notion that this clone resulted from haphazard insertions
of transgenes irrelevant to RSP3. Rather, the restored motility suggests that RSP3-(Epi)6
is produced. The relatively small size of Aph7-2A and ScFv-mScarlet and the
fluorescence at basal bodies suggests that antibiotic resistant clones also produce ScFvmScarlet, which then binds to RSP3-(Epi)6 to form RSP3-Sun. This interpretation could
be further tested by western blot analysis.
The observation that only 1 of the 5 clones exhibited fluorescent patterns could be
explained by the expression level of both fusion proteins. The slow growth in regular
Hyg plates indicates reduced production of Aph7-2A. We favor the notion that only one
of the clones produces sufficient ScFv-mScarlet molecules, either due to insertion of
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multiples transgenes, the insertion site being governed by a powerful promoter or
enhancer, loss of the upstream Aph7-2A sequence, or protection from surveillance
silencing mechanisms. This may lead to saturated binding of RSP3-(Epi)6 with 6 ScFvmScarlet molecules resulting in a pattern in the cell body that is visible after a 5-sec
exposure like RSP3-tdTomato (Figure 3-9) but far brighter than RSP3-mScarlet (Figure
3-8B).
If so, unlike free RSP3-(Epi)6, the presumptive RSP3-Sun cannot be delivered
into flagella for assembly like all the other tagged RSP3 constructs. Those motile yet
dark flagella of the 5 clones may mostly contain RSP3-(Epi)6 instead. While RSP3-Sun is
detectable at the basal bodies, most signals are elsewhere. Therefore, the failed assembly
of RSP3-Sun is not merely due to stalled flagella entry of the protein. It’s distribution
throughout the cytosol resembles that of expressed fluorescent proteins (Rasala et al.,
2013; Kim et al., 2018). However, RSP3-Sun displayed a filamentous pattern, contrary to
the diffuse distribution of soluble fluorescent proteins. This pattern is unlikely due to
overexpression, given that it is only revealed unequivocally after a 5-sec exposure
(Figure 4-4), similar to the patch- or ring-like RSP3-tdTomato patterns (Figure 3-9).
Several non-mutually exclusive possibilities could explain the filamentous pattern.
Fluorescence in a narrow space, such as that around nucleus (Figure 3-9, pf14 cells) or
between chloroplast and plasma membrane (Liu et al., 2017) may appear like filaments in
2D wide field images. It is also possible that RSP3-Sun may have a propensity to
associate with cytoskeletal fibers, like microtubules, which are mostly underneath the
plasma membrane, or with the centrin bundles in NBBC. Alternatively, RSP3-Sun
molecules could simply aggregate into filaments. Additional studies, including 3D
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imaging and biochemical fractionation, may shed new light on RSP3-Sun’s filamentous
pattern.
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mCherry
tdTomato
mScarlet

Amino Acid number
538
236
235
476
232
SunTag

ScFv light chain
ScFv heavy chain
GB1 solubility sequence
ScFv (light chain, heavy chain,
GB1)-mScarlet
(Epi)4
(Epi)6
RSP3-NG-(Epi)4
RSP3-(Epi)6

B

Carrier a.a. #
RSP3 = 538

Radial Spoke
Complex = 14,494*

114
123
61
581
96
144
870
682

Fluorescent Tag a.a. #

Tag/Carrier

Single FP (mSc) = 232

0.43

Double FP (tdT) = 476

0.88

(Epi + ScFv-mSc) x 6 = 3,636

6.75

Single FP (mSc) = 232

0.016

Double FP (tdT) = 476

0.033

(Epi + ScFv-mSc) x 6 = 3,636

0.25

Table 4-1. Size comparison of carrier proteins and fluorescent tags. (A) A list of
individual polypeptides. (B) A list of tags and one RSP3 molecule or one spoke
complex (carriers). * Sum of all residues in each protein in a 20S radial spoke particle
(Pigino et al., 2011).

Steric hindrance could partially account for the assembly defect of RSP3-Sun.
Although 6 SunTags -including both Epi, ScFv and mScarlet- are merely one quarter of
the spoke complex (Table 4-1), they are nearly 7 folds as large as a RSP3. In fact, one
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SunTag, in terms of a.a. number, is already larger than tdTomato, which already had a
mild effect on spoke assembly. As ScFv will fold into one compact epitope-binding
module of two β-strand immunoglobulin domains, one ScFv-mScarlet may have a similar
size as a tdTomato tag which has two fluorescent proteins align in tandem. However, a
tag 6-fold larger may be poised to interfere with various molecular interactions of RSP3,
including homo-dimerization (Wirschell et al., 2008, tethering to the spoke subcomplexes
(Sivadas et al., 2012), spoke-neighboring complex association, and spoke-IFT trainadaptor coupling. Interference of this spoke scaffold protein and the spoke complex
which has a propensity to aggregate (Yang et al., 2001) may result in fluorescent
filaments (Figure 4-4), either from aggregated RSP3-Sun molecules or their association
with other cytoskeletal filaments, similar to tau (Falcon et al., 2019; Elie et al., 2015).
One urgent question is whether the SunTag can be made sufficiently bright
without unintended consequences. Given the mild effect of tdTomato and RSP3’s
position between outer doublets and the central pair apparatus (Sivadas et al., 2012; Oda
et al., 2014), the options for RSP3-Sun are limited. However, it is plausible that some
other flagellar proteins are more tolerant to multiple SunTags. An alternative is to
develop interactor pairs which are smaller than the GCN4 epitopes and ScFv-mScarlet.
4.3.2 SunTag and Silencing
One of the two SunTag constructs is more benign than the other. Transformants
expressing RSP3-(Epi)6 remained motile after more than 8 months. Therefore, repetitive
sequences are not necessarily destined to be silenced. This could be due to small DNA
sizes or usages of degenerate codons for each amino acid (a.a.) to diversify DNA
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sequences without changing a.a. sequences. In light of this, the low transformation rate
and poor expression of RSP3-NG-(Epi)4 (Figure 4-1) may indeed be due to poor design
of the 4 Epi DNA sequences, leading to complex plasmid tertiary structures, lower
insertion incidence of both antibiotic DNA and RSP3-NG-(Epi)4 DNA in the construct,
and low abundance of RSP3-NG-(Epi)4. This was partially resolved by linearization.
Conversely, linearized plasmids may further increase the rate of full length RSP3-(Epi)6
transformants.
Neither ble-2A-ScFv-mScarlet nor Aph7-2A-ScFv-mScarlet constructs are as
well tolerated in Chlamydomonas as the RSP3-(Epi)6 construct. Some of the Aph7-2AScFv-mScarlet clones could no longer grow in plates with ½ concentrated Hyg after 3
months. Therefore, the design of pBR9 – control of the selection gene and gene of
interest by the same promoter - does not prevent gene silencing. It merely provides a
convenient way to select for clones in which the transgene is not yet silenced.
4.3.3 Inhibited Antibiotic Resistance by the Downstream Sequence
Higher Hyg resistance of Hyg-2A clones than Hyg-2A-ScFv-mScarlet clones
indicates that the trailing ScFv-mScarlet sequence hinders the production of functional
Aph7. This explains the few and sick zeocin-resistant clones in the first attempt. This
issue does not seem to occur with the expression of fluorescent proteins or tubulins
(Rasala et al., 2013; Craft et al., 2015). The underpinning of the trailing sequence’s
negative effects on transgene expression remains to be explored. It is worthwhile to try
the zeocin selection strategy again given the robust expression of the DNA binding
protein but instead use a lower concentration of zeocin for selection. This may lead to
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more positive, healthy clones producing more ScFv-mScarlet. Alternatively, one could
simply express ScFv-mScarlet and select for strains resistant to silencing (Cerutti et al.,
1997). Screening for fluorescence and motility is rather efficient.
Silencing may not be as detrimental for experiments as perceived. As silencing
was not detected in the singular putative RSP3-Sun clone after growing on TAP plates
lacking antibiotics for two weeks, it may be possible to complete all desired experiments
before silencing occurs.
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CHAPTER 5: DISCUSSION
By using various bright fluorescent protein tags, it is now possible to
unequivocally visualize radial spoke proteins in the cell body without resorting to
immunofluorescence. The locations, abundance, and changes of fluorescent spoke
proteins revealed in this study shed the first light on the long-standing question of where
flagellar proteins come from.

Figure 5-1. A model depicting the sites and trafficking paths of axonemal
proteins and IFT trains. Proteins destined to enter the flagella first enter the area
below basal bodies (BB), the waiting zone (WZ), prior to arriving at the docking zone
(DZ) where IFT trains (blue) dock. When enough IFT trains queue up at the DZ, they
can pass through the entrance at the transition zone (TZ). Trains are driven towards
the tips where cargoes are dropped off to be assembled into the axoneme (Ax). Trains
returning from the tip could either enter the WZ (Route 1) or may proceed deeper into
the cell body (Route 2) to load cargoes for the subsequence trip. RS, radial spokes
representing axonemal cargoes.
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5.1 The Site Below the Docking Zone
This study confirms the two RSP3 sites revealed by immunofluorescence: one
around the basal bodies, and one below the basal bodies with a partial ring (Figure 3-8
and 3-9) pattern confined also by the nucleus and the NBBC (Wood and Rosenbaum,
2014). Our study also shows the pattern of this second site varies, sometimes appearing
as a full ring (Figure 3-1) or a spot (Figure 3-1, 3-3, 3.6, 3-7, 3-8) of various shapes. Its
position also changes, overlapping with the first site when nascent flagella just start
growing (Figure 3-8). Critically though, the second site is typically brighter than the first
site corresponding to the level of docking zone (Figure 3-1, Figure 3-8), and its intensity
also fluctuates, albeit generally trending dimmer as flagella lengthen (Figure 3-8). These
observations suggest that flagellar proteins in this second site (Wood and Rosenbaum,
2014) are dynamic. These phenomena are not restricted to RSP3, as the key observations
are replicable in another spoke protein (Figure 3-2). Both fluorescent fusion spoke
proteins likely report bona fide phenomena, since both are expressed by genomic
constructs as endogenous proteins and can fully rescue their respective mutants. As
trafficking of proteins representing radial spoke and other axonemal complexes are
identical in principle (Qin et al., 2004; Wren et al., 2013; Lechtreck et al., 2018), the
phenomena observed in this study are unlikely restricted to the radial spoke.
Taken together, we propose that the second site below the docking zone is the
waiting zone (Figure 5-1). Flagellar proteins en route to the flagella as IFT cargoes may
enter this site when waiting to enter the docking zone. While IFT trains for both
anterograde and retrograde trafficking are more abundant at the docking zone compared
to the waiting zone and flagella (Dean et al., 2001; Wood and Rosenbaum, 2014;
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Wingfield et al., 2017), the relative abundance of axonemal cargoes could be different.
Because each axonemal cargo only rides on subsets of trains, the ridership reduces as
flagella lengthen (Wren et al., 2013) and its presence in docking zone is mostly transient.
RSP3 at the docking zone, in general, should be less abundant than that at the waiting
zone, except during busy trafficking periods like the initial phase of flagellar generation.
The fluctuating intensity at these two sites may be related changes in IFT trains.
As flagella lengthen, IFT trains lengthen at the expense of reduced frequency (Ludington
et al., 2013). It was proposed that when enough IFT complexes accumulate at the
entrance, IFT trains can pass through the gated flagellar entrance in an avalanche-like
fashion (Ludington et al., 2013). The complex size in queue and the train length increase
as flagella lengthen, perhaps related to increased demands of GTP. As IFT trains are
loaded with cargoes, including fluorescent RSP3 departing or entering these two zones,
their intensity is expected to fluctuate. One future direction is to capture the coming and
going of fluorescent axonemal cargoes at the WZ.
The varied distance between the two zones -nearly overlapping in cells with
stubby nascent flagella (Figure 3-8, top panels)- could be explained by contraction of
centrin bundles in the NBBC which occurs during calcium-dependent deflagellation
(Salisbury et al., 1987; Sanders and Salisbury, 1994). We speculate that the contraction
pushes fluorescent spoke molecules in the waiting zone toward the docking zone. This
may also occur when cells harvested from agar plates are initially resuspended in the low
salt buffer. As low osmolarity causes water influx, the plasma membrane is stretched.
Signals of phospholipids trigger the rise of intracellular calcium (Quarmby, 2009). The
centrin-mediated rapid advancement of flagellar proteins and IFT trains toward the
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entrance may accelerate the initial rate of flagellar assembly. Furthermore, the shortened
distance between the nucleus and basal bodies may shorten the traveling time of
axonemal proteins from the area around the nucleus (Figure 3-9) to the waiting zone.
When calcium concentration recedes and centrin fibers relax, this zone and the nucleus
return to their respective position at the resting state. This may correspond to tapered
growth rate as flagella lengthen (Wallace and Rosenbaum, 2001).
5.2 The Origin of Axonemal Proteins
The intense immunofluorescence signals of axonemal proteins at basal bodies and
the area below have suggested that most axonemal proteins are stored within this
confined region. Yet the relative low intensity of the two sites compared to flagella
revealed by fluorescent spoke proteins argues otherwise. If these two spaces, which are
only about 2 folds as long as the ~ 0.4-µm basal bodies (Dutcher and O’Toole, 2016),
harbor most of the axonemal proteins to grow two half-length, 5−µm flagella with a
axonemal structural scaffold tightly packed with macromolecular complexes (Pigino et
al., 2011), these two areas will be jam-packed with proteins and the overall fluorescent
intensity should have been equivalent to the sum of intensity from half-length flagella.
However, this is not consistent with our images of cells expressing fluorescent spoke
proteins at the endogenous level (Figure 3-1, 3-2 and 3-3). In fact, even when the two
sites are the brightest when flagella are just growing, they are barely brighter than nascent
flagella (Figure 3-8B). Therefore, axonemal proteins must be supplied from elsewhere.
The candidate storage site is the swath area with diffuse RSP3-tdTomato signals
detected primarily around the anterior 2/3 of cells immediately resuspended from plates
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(Figure 3-8). The signal is specific, as it is brighter than that of the control pf14 cells, and
the pattern is distinct (Figure 3-9). The pattern also differs from that of untagged
fluorescent proteins which are distributed throughout the cytosolic compartments (Rasala
et al., 2013). More importantly, this cytosolic area is as bright as the waiting zone but far
wider (Figure 3-9, 0 in). Flagellar proteins distributed in this large area may be enough to
generate two half-length flagella.
For axonemal proteins to remain enriched in the anterior 2/3 of the cytosol, they
may be somehow tethered to intracellular structures. One candidate is membranous
compartments within this vast area. Electron microscopy shows that RSP3-HA and IFT
subunits associate with the membrane of vesicles near the area around the basal body
(Wood and Rosenbaum, 2014). The dark center of ring-like structures in the waiting zone
may reflect the inner space of vesicles. It remains to be tested if the varied ring or spot
appearance at the waiting zone is due to the differences in focal planes during imaging or
changes in membrane association when IFT trains are poised to enter the docking zone.
The ring-like patterns around the nucleus (Figure 3-9) raise the possibility that
RSP3-tdTomato already associates with membranous compartments before approaching
the flagellar entrance. While axonemal proteins are not known to associate with
membranes, IFT complexes are. In fact, a few IFT subunits constitutively associate with
vesicles (Finneti et al., 2009; reviewed by Baldari and Rosenbaum, 2010). Furthermore,
IFT proteins contain similar molecular domains as subunits in COP-like complexes that
associate with the various membranous systems (van Dam et al., 2013). Also, an IFT
subunit was recently shown to remodel the size of vesicles (Wang et al., 2018). In line
with this, the endoplasmic reticulum is enriched in the cytosolic space around the nucleus
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(Kim et al., 2018) and its distribution resembles the anterior 2/3 distribution of RSP3tdTomato.
The polarized distribution is even more striking when the diffuse pattern switches
to defined patches or ring-like structures in cells imaged 15 or 45 mins after resuspension
(Figure 3-9). The switch could be due to fusion of many small vesicles into fewer, larger
vesicles, or a large reticular compartment may undergo fission, segregating into sectional
compartments. Another possibility is the redistribution of free or membrane bound
axonemal complexes. The switch may be triggered by calcium signaling for flagellar
generation or artificially by compression.
This protein pool near the nucleus is consistent with enlarged nuclear pores
clustered toward the nuclear membrane distal to basal bodies after deflagellation and the
nearby ribosome-rich cytosol, contrary to the waiting zone which is exclusive of
ribosomes (Colon-Ramos et al., 2003). Therefore, the RSP3-tdTomato molecules around
the nucleus are likely synthesized locally. This raises the possibility that translation and
pre-assembly of axonemal precursor complexes are coupled to IFT complexes attached to
the membranous compartments around the nucleus rather than in the waiting zone or the
docking zone prior to the entry into flagella.
Although basal bodies are the center for organizing cytoskeletal systems,
including flagella (reviewed by Wingfield and Lechtreck, 2018), and cytoskeletal systems
are responsible for the trafficking of a wide variety of cargoes, their roles in the
trafficking of axonemal proteins from the peri-nuclear area to the waiting zone is not
evident. There are no direct tracks expediently connecting the peri-nuclear area to the
docking zone. Microtubules in green algae are mostly present underneath the plasma
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membrane (Liu et al., 2017) as is the case in plant cells, whereas F-actin, which poorly
binds to phalloidin, is present as short filaments around the basal bodies (Avasthi et al.,
2014). The packed, or contiguous arrangement of RSP3-tdTomato rings (Figure 3-9, the
enlarged picture) captured minutes after resuspension suggests unconventional
modalities, such as cytoplasmic streaming (reviewed by Tominaga and Ito, 2015) in the
form of membrane compartments. These new ideas could be further tested in
Chlamydomonas as well as in animal cells, in which cytoskeletal organizations differ
drastically.
The distribution and patterns of RSP3-Sun and RSP3-tdTomato are distinct. It is
possible that RSP3-Sun molecules fail to associate with membranes, and as such, they are
scattered throughout the cytosolic space appearing as filaments in 2D images. This
ectopic distribution, aggregation, or lack of appropriate tethering may account for RSP3Sun’s exclusion from the waiting zone and its inability to be incorporated into flagella.
The underpinning of abnormal RSP3-Sun formations may shed light on the normal
process of RSP3 from translation to trafficking.
The imaging tools developed in this study are sufficient to overcome the intense
autofluorescence and low abundance of flagellar proteins. With these tools, it is now
possible to use Chlamydomonas to elucidate the kinetics of intracellular trafficking in
wild type cells and mutants. Hopefully the new insight will stimulate new studies in other
experimental systems, including human cells.
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